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Charcot-Marle-Tooth disease (CMT) is the most common inherited disorder of the peripheral nervous 
system, and mutations in neurolllaments have been linked to some forms of CMT. Neurofilaments are the 
major Intermediate filaments of neurones, but the mechanisms by which the ClUT mutations induce disease 
are not knovm. Here, we demonstrate that CMT mutant neurofilaments disrupt both neurofilament assembly 
and axonal transport of neurofilaments In cultured mammalian cells and neurones. We also show that CMT 
mutant neurofilaments perturb the localization of mitochondria in neurones. Accumulations of neurofila- 
ments are a pathological feature of several neurodegenerative diseasesj including amyotrophic lateral 
sclerosis (ALS), Alzheimer's disease, Parldnson's disease, dementia with Lewy bodies, and diabetic 
neuropathy. Our results demonstrate that aberrant neurofilament assembly and transport can Induce 
neurological disease, and further implicate defective neurofilament metabolism in the pathogenesis, of 
human neurod^enerathfe diseases. 



filament end appear to form intercoiiDectioiis between 
neuzofilamentfi and ofter axoplasmic organelles (1 1-14). 

The mutations in NF-L that are associated -with CMT involve 
a two-base conversion at codon 8 Oxat results in a prolinc-to- 
arginlne substitution and a single conversion at codon 333 that 
substitutes proline for glutamine (7,8). Codon 8 resides within 
the head domain, whereas codon 333 is situated in coil 2B of 
the central rod domain of NF-L. Both Pro8 and Gln333 are 
highly conserved in mammals and Xenopus^ which suggests 
that Ihey are structurally and/or functionally important 
However; the effects that these different CMT mutations have 
on neurofilameat assembly and architecture are not known. 
Here, wo demonstxate that both CMT NF-L mutant proteins 
disrupt neurofilament assembly and axonal transport 

RESULTS 

We initially studied the effects of the NF-L ProSAig and 
Gln333I>ro mutations (NF-L^"**^ and NF-L^^^^^ on 
neurofilament assembly in tzansfected SWIB— cells. These 
cells do not express endogenous intermediate filament proteins 
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INTRODUCTION 

Cbarcot-Maiie-Tootb disease (CMT) is a group of nenropa- 
ttiies that constitute the most common inherited disorders of die 
peripheral nervous system (1). Mutations in a number of genes 
cause CMT (2-6), and mutations in neurofilament light chain 
have recently been demonstrated to cause a form of typo- 2 
CMT (7,8). 

Neurofilaments are the major intermediate filaments of 
neurones and in most mature neurones contain three subunit 
proteins: neurofilament light, middle and heavy chains (NF-L, 
NF-M and NF-H). As with other members of the intermediate 
filament fiunily, neurofilament proteins shore a common 
structural organization that comprises a central a-helical rod 
domain that is fianked by N-tenninal head and Otenmnal tail 
domains 9, 10). Ihe central rod domains facilitate the 
formation of coiled-coil oligomers that can then assemble into 
filaments of lOnm diameter, the N-tetminal head domains are 
behoved to regulate the assembly properties of tihe filament, and 
the C-teiminal tail domains of NF-M and NF-H (which are 
longer than that of NF«-L} form side-arms that project fix>m the 
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• FIgum 1. Aisembly pmpeniei of human and rat NP-L^»^ md NF-L®^"^ 
ia SWIB^ ceDa. CeDi were co-tnmsfected with nt NF-M and NF-H. and 
buinan NF-L (A and B) htnnan NF-L'""^ fO-F) bumno NF-L""*"*™ 
(G and H) rat NF^L'^*^ a aod J) or lat W-L*"'**^* (K and L). (A). (Q, 
(E). (GX (I) and CfQ ahow NF-L labelled wHh NAUM; <BX P). (FX (H). 
(J) and (L) are tabeUed far NF-M/NF-H using antibody SMI32. Scale 
b8rs2SKin. 

and SO have been widely used to investigate neurofUament 
assembly properties (15-18). Ttansfection of human wild-t/pe 
NF-L with NF-M and >7F-H induced the fonnation of typical 
intermediate filament networks (Hg. lA and B). However, 
transfcction of either NF-L'*"**^ or NF-L'^'"""*" with NF-M 
and NF-H disrupted these netvi^'oiics and led to the fonnation of 
abnonnal structures containing all three proteins (Fig. lO-H). 
These varied in appearance, with both smaller, punctate hodies 
and lazger aggregates being discemible; fiame-shaped struc- 
tures were often seen with NF-L^"**^ (Fig, IE aiid F). 



There is evidence that human NF-L displays different 
assembly properties to rodent NF-L in SW13- cells (19). 
Since Pro8 and Gln333 are highlv conserved, we created rat 
CMT NF-L^^^ and NF-L^'""'^" mutants and studied their 
assembly properties in SW13- cells. However, these rat CMT 
mutants also disrupted neuro^ament assembly in a similar 
manner to the human mutants (Fig. H-L). 

We next investigated the effects of the CMT mutations on 
neurofilament assembly in vivo by tzansfection of &e mutants 
into rat cortical neurones, lb distinguish transfected fiom 
endogenous NF-L. we utilized fhe human NF-L clones and 
detected these wift a human-specific NF-L antibody. 
Transfected human wild-type NF-L localized to cell bodies, 
axons and dendxites, and higher-magnification images revealed 
that it co-assembled wifii endogenous NF-M into filaments 
(Fig. 2A-<^). These findings are in agreement with 
previous studies of neurofilaments transfected into rat 
neurones (17^0-22). However, transfcction of eiAcr 
NF-L^*^ or NF-L°^"^ both disrupted neurofilament 
architecture. In cells transfected widi the CMT mutants, 
transfected NF-L co-Iocalixed with endogenous NF-M 
(although occasional hnages indicated the presence of some 
NF"L-only-containing structures), but these mutant neurofila- 
ment protems accumulated in the cell body or the cell body 
and proximal regions of neuntes; the CMT mutants were 
rarely seen in more distal regions of axons. AbnonRal 
neurofilament aggregates, lemim'scent of those seen m the 
SW13*- cells, were also commonly seen m cell bodies, and 
fiiese were particularly noticeable in cells expressing higher 
levels of transfected CMT NF-L (as judged by intensity of 
fluoiescence) (Figure 2IM^. Such aggregates wem never seen 
in cells expressing wild-type NF-L. 

Cells that are affected in CMT include sensory neurones 
hi file dorsal root ganglion (DRO). We therefore studied the 
effect of expressing wild-type and CMT mutant NF-Ls in 
cultured DRO neurones. IVansfected wild-type NF-L localized 
to cell bodies and axons in a similar fashion to thai seen 
in cortjcal neurones (Figure 3A end B). However, both 
NF-L^*^ and nf-l®^"*^ again accumulated in ceU 
bodies and proximal axons. In the DRO neurones, &e cell 
body accumulations generally appeared as a smgle aggregate 
(Figure 3C-F). 

To gam some insight into the polymeric ibim of NF-L''"*^ 
and NF-L*^^^^". we prepared Triton X-lOO-insohxble and 
-soluble fiiactions fiom SW13- cells co-tiansfected widi NF-M 
and NF-H and wild-type NF-L. NF-L""*^ or NF-L*'*^^'^, 
and analysed the disttibufion of the individual neurafilamexit 
protems. Neurofilament proteins that are assembled into 
intermediate filaments are present in the Triton X-IOO- 
insoiuble fraction of such prrparations. In these experiments, 
^^LPreBATt and NF-L^"^"^"* firactionated to the Triton 
X-lOO-insoluble component at both 15000^ (average) and 
100 OOd^ (average) (Hg. 4). The pelleting of die mutant NF-Ls 
suggests that they are assembled into a polymeric fonn of 
higher order than the tetrameric stage. Hius, both CMT mutant 
proteins disrupt normal neurofilament assembly in SW13 — cells 
and neurones, but their co-localization with NF-M/NF-H and 
presence in a Triton X-lOO-insoIuble fraction indicate that this 
does not preclude co-assembly with other neurofilament 
proteins. 
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Hgure 2. Afisemhly properties of NF-L***^ andNF-L*°^*'*^ m wt cortical 
aeurones. Cells were tnssfccted nvitb humta clones lior wild-iype NF-L (A<-€) 
NF-L'"*^ ^ and E) dt NT-L*^""''" (F and Q. (AX (B), (D] and (F) are 
labelled for NF>L using bumm-spedfic annoclagBal antibody aoil^O'TO; (CX 
(E) and (O) ate labelled ibr NF-M nsiog nfabti antibody MF-M-Ctenn. Scale 
ban»2S>ii&. 



Neurofilament proteins are synthesized in cell bodies and 
theo transported into and through axons (23-26). The 
restriction of NF-L'^*^ and NT-L^'"^"^™ to ceU bodies 
and proximal regions of axons in the transfected cortical and 
DUG neurones suggests that the mutants somehow disrupt 
axonal transport of neurofilaments. We therefore analysed the 
effects of the two CIMT mutants oo axonal transport of 
neurofilaments using a previously described assay (t7). This 
assiy involves monitoring movement of enhanced green 
fluorescent protein (EOFP)-tagged NF-M in transfected cortical 
neuroses by fixation of cells at set time points and 
measurement of the distance nravelled by the fluorescent 
EGFP-NF-M front EGFP-NF-M co-transfected with wild- 
type human NF-L travelled at a rate of -^80 jmi/h (Fig. 5A). 
This is in close agreement with that previously calculated 
by us for cells transfected with EGFP-NF-M alone (17), 
and demonstrates that co-transfection with NF-L has little, 
if any, effect on the movement of EGFP-NF-M. However, 
co-transfcction of either NF-L^**^ or nF-lOi^^^s'" signifi- 
cantly reduced the distance travelled by EGFP-NF-M (Fig, 5B). 

In a complementary study, we also analysed the effect of the 
CMT mutant NF-Ls on axonal transport of mitochondria by 
quantifying tlie distribution of mitochondria in a defined 
segment of axons. This approach has recently been successfully 




Figure 3. A«8mhly and tranipoit propeities of NP-L^**» and NF-L***"" 
iD rat DRQ neurones. Cells voe tninafccted with bumao doses for wild-^ype 
NF-L (A and B) NF-L*"^ (C and D) or NP-L^'** OB and V). (AX (P) 
and (E) are libelled fat NP-L using hmnao-speclSe nwxMclonal antibody 
asti-NF70; (BX md (P) are labelled fbr NP-M using rabbit antibody 
KP-M-Claia Scale bar » 40 pn. 



used to study the eficct of transfected tau on mitochondrial 
transport (27). To do so, we transfected DRO neurones wrdi a 
mailcer for mitochondria (Discosoma red fluorescent protein 
fiised to the mitochondriai targeting sequence irom subunit 
VI 1 1 of human cytochrome c oxidase, DsRed2-Mlto) (28) 
either alone or with human wild-type NF-L, NF-L^*^ or 
NF.L®°^"'"?, Cells transfected with DsRfid2-Mito alone 
revealed that mitochondria were present in celt bodies and 
throughout the length of neurites (Fig. 6A and B) which is in 
agreement with other studies on the distribution of mstoehoo- 
dria in neurones (27). Similar images were obtained fifom cells 
co^rans&cted wifli DsRed2-Mito and wild-type NF-L (Fig. 6C 
and D). Howevei; mitochondria in cells co-lxansfected wifli 
DsRed2-Mito and ei&er NF-L**""^ or NF-L°'°^"^ were 
clustered in cell bodies and proximal axons, with markedly 
fewer present in more distal regions of axons (Figure 6E-H). 
To quantify this, we counted the number of mitochondria 
present in a defined segment of axons, 50-100 ^m from the cell 
body. These studies revealed that significantly fewer mitochon- 
dria were present in this region in cells co-transfected with 
either NF-L'^'^ or NF-L^"^"""" compared with ceUs 
transfected with wild-type NF-L (Fig. 61). Thus, the two 
CMT mutant neurofilament proteins inhibit axonal transport of 
both neurofilaments and mitochondria. 



DISCUSSION 

An increasing body of evidence suggests ^at disruptions to 
neurofilament metabolism are part of the disease process in a 
number of neurodegenerative diseases. IVvo NF-L mutations 
have 80 ibr been described as causative for CMT2. However; 
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We also demonstrate fbat these imitart NF-Ls pertuib 
transport of mitochondria into and through axons, leading to 
their accumulation in cell bodies and proximal axons. Neurones 
axe highly polarized cells with organelles, vesicles and other 
protein complexes requiring transportation to their appropriate 
final destinatioos following synthesis. The distances involved 
in this txansport can be considerable; ibr exsnqylOi human 
motor neurone axons can exceed Im in length. Tbe 
accumulation of mitodioudria in ceU bodies and. pioxixnal 
axons strongly suggests that fte supply of metabolic enetgy to 
more distal regions of axons and dendrites is impaired in CMT. 
Hiis will pertuib the fimctioning of Idnesin and dynein foonily 
motors, which both require ATP, and, as such, disrupt the 
supply of essential axoplasmic components. It is likely that this 
disruption is mechanistic in neuronal cell death in CMT. 
Indeed, mutation of KlFlbp (a molecular motor protein) has 
been shown to cause another form of type 2 CMT (47), and this 
further implicates axonal transport in the disease process. 

Our results presented here, showing that two NF-L mutations 
linked to CMT disrupt neurofilament assembly and axonal 
transport, demonstrate that defective neurofilament metabolism 
can induce neurological disease. 



figmn 4. Biochemical properties of NF-L**»^ and NF-L**^"^. Tritaa X- 
lOO-tosohiblc (TI) and -soluble (TS)fiactiQQ< were prepared from SWl 3- cells 
ixwwffected with NF-M and NF-H, and wild-type bumaa NF-L, NF-L*"*^" or 
^_^(ni3S3Pn> ^ ore soD-lraasftctBd cells. Frtctioos \vero picpazcd at IS 000; 
(■vcngs) and lOOOOOif (averafiB) as indkattd. Fnedonation of APP to tbe 
Triton X*100-ioIiiblD oompoDBDt is ihown as a eontrcd. Similar resDlH vmt 
obtained using mt NF-L. 



NFL mutations in several fisrther CMT &milies have now been 
identified and probably account ibr of CMT kindreds 
(V Timmeiman, personal conununication). Aside from these 
NF'L CMT2 mutations, mutations in NF-H have been shown to 
be a risk factor for amyotrophic lateral sclerosis (ALS) (29-31), 
and receody a mutation in NF-M has been liniced to familial 
Parldnson^ disease (3Zy lu addition, accumulations of 
neutofilaments are a pathology of several neurodegenerative 
diseases including ALS, Alzheimer*^ disease, Faildnson^s 
disease, dementia with Lewy bodies and diabetic neuropathy' 
(for reviews see 26,33,34). Also, overexprcssion of neurofila- 
ment proteins, including peripberin, in transgenic mice can 
provide models of ALS (35-38), and modulating neurofilament 
eiQitession alters disease progression in transgenic models 
of ALS caused by mutant superoxide dismutase 1 (SODl) 
(39-42). Interestingly, transgenic mice expressing a mutant 
NF-L in which codon 394 (close to the CMT2 oodon 333 
mutation) is mutated Gmm leucine to proline develop a 
particularly aggressive form of motor neurone disease (37). 
Finally, overexprcssion of peripberin has recently been shown 
to induce apoptotic dea& of neurones fiiat is mediated 
by the proiufiammatory cytokine tumour necrosis factor a 
CTNF-a) (43). 

Dismptioji of axonal transport of neurofilaments is one of the 
earliest pathological features seen in these transgenic models of 
ALS (44-46), and this suggests that it is a primary pafliogcnic 
event that induces disease and not some end-stage epipheno- 
menon. It is thus notable that both CMT2 mutant NF-Ls disrupt 
axonal transport of neurofilaments. 



MATERIALS AND METHODS 

All of the experinsents described in the Results section were 
performed at least three times with similar results. 

Plasmids 

Expression plasmids for human and rat DeurofilameDts 
including EC^-NF-M were as previously described (17,48). 
Mutants were prepared using Stxatagene (2uickcfaaBge or 
Chameleon kits according to the manufacturers' instructions 
Mutagenic oligonucleotides were 5'-GTTCCTTCA0CTACQ^ 
-AOAGGTACIACTCGACCTCC-3' and 5'-GQAGGTCGAGT- 
AOT/^CCTCTCGT/^OCrGAA(3GAAC-3' OiumanNF-L^*"^ 
5'-QAAQCOCTGGAGAAGCCGCTaCAGGAQCTGGAGG-3' 
and 5'<XrrOCAGCTCCrGCAGCGGCTIXjrcCAGCGCr^ 
(human NF-L^^^'^; S'-GITCGTrCAGCTACGAGAGGT- 
ACrnTCGACCTCC-3' (rat NF-L^^; 5'-GAA0CTCTA^ 
GAOAAGCCGCTGCAGGAGCTGGAG-3' (rat NF.L^"'"'^. 
KCtochondxia were visualized by'transfection witti dse vector 
pDsRed2-Mito (Gontech). 

Cell culture, transfcction and immunoflnorcscence 
microscopy 

SW13- cells were grown in DMEM containifig 10% (v/v) fe^ . 
bovine serum (FBS) suppleraeuted with 2mM glutamine, 
lOOIU/ml penicillin and lOO^g/ml streptomycin (Invitrogen) 
and transfected usmg Lipofectamine 2000 (Invitrogen), essen- 
tially according to the manufacturer^ instructions. For immu- 
nofluorescence studies, cells were cultured in 12-wel] plates 
(Falcon) on glass coverslips. Primary cortical neurones were 
obtained from £18 rat embryos and cultured on glass coverslips 
coated with poly-D-lysine in 12-well plates in Neurobasal 
medium and B27 supplement (Invitrogen) containing 100 lU/ml 
penicillin, lOO^g/ml streptomycin and 2mM glutamine. Cells 
were cultured for 7 d^s, and under these conditions were 
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NFL NBL^"*^ jgpLOiiSJSfto 

5, Ncurofilamciit traaspcrt in rat corticEl ncuroaei. Cdlj were c^tnmsfccied wtth rai EGFP-NF-M and humss wUd4ype NP-L, NF-L'*'***' or 
NFi*****"^, and tfac distance timvclled by EGFP-NF-M was then calculated. CA) Rato of trao^poit of EOFP-NF-M in ccUt co-traaifcctcd w-itti wild'type 
(B) Distaaoe travelled by BQFPr^-M at die 240 min thna point in cells oo-transfeded wllb wild-type NF*I, NF-L'"*^ or NP-L^'^^. One-^ 
ANOVA tent revealed dgniflcant c&ffereocei (P< 0.001) in the distaaoei tmveUed liy EOFF-NF-M between wild>^po NF4. and NF-l/""^ or 
y^^jMiSfiQ c(|.||gm{fected celU. Bnw ban an SEM. 



almost exclusively neurones, as previously described by us and 
others (17,49). Cortical neuronos were transfected using a 
Promega calcium pfaospbate Profection kit essentially as 
previously described (17,49.50). Cells were transfected with 
plasmid DNA prepared using an EndoFree plasaiid kit 
(Qiagen). DRG jieurones were obtained fi:oin El 5 rat embryos 
and grown on poly-D-lysine- and laminin - coated coverslips in 
Neurobasal media and B27 supplement containing lOO IU/ml 
penicillin, 100 ^g/ml streptoniycin, 2mMglutamine and O.I ^g/ml 
nerve growth factor (Sigma). Cells were transfected using 
Lipofectamine 2000. Briefly, media from 7-day-old neurones 



grows in 12-wel1 dishes was removed and replaced with 0.5 ml 
Optimem (Invitrogen) contaming 2 plasmid DNA and 3.5 ^] 
Lipofectamine 2000. Cells were inciibated for 4 b, and the 
Optimem was then removed and replaced with the conditioned 
Neurobasal/B27 medium. 

Cells were fixed and processed for immunofuorescence 
nucroscopy 40 h post transfection. Briefly, cells wd^e fixed in 
4% (w/v) parafomialdchyde in PBS for 20 min, permeabiUzed 
in 0.1% (w/v) Triton X-100 in PBS for 10 min, blocked with 
5% (v/v) FBS/0.1% (w/v) Tween.20 in PBS for 1 h. and then 
probed with primary antibodies diluted in bloddng solution. 
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Ds-Mit Ds-Mjt+ Ds-Mit+ Ds-Mii+ 

NFL NFL^'^ i^GircaiVto 

Tigort 6. Abcirant localization of mitochcmdria io DRO neurooes expiessmg 
NF-L'^**^ and NF-L*"^*''* Cell* were tiansfcctcd with DsRed2-Mito 
(bs^t) eidier aloae (A and B) or widt human clones for wild-Qpe MF-L 
(C and D\ NF-L'"*^ (E and P) or NP-L^"*" (G and H). (A). (Q. (E) 
and (0) ihow DsRed2-Mito Auoresccnoe; (B), CD), (F) BDd (H) show human 
NF-U Scale bar SI 40 ^m. (I) QuantiflcatioB of mitochondria distribution in a 
s^meot of axon 50|m) m length begtiuiioj 50 ftam ttw cell body. 
Expteision cf wild'type NF-L has no eflbct on die distribuiion of nuiocbondria, 
but aqnasioQ of either NF-L*^**'» or NF-L°""'" Bignifieaatly (onc-«ay 
ANOVA P < 0.00 J) reduces mitochondria numbers in ibis spgment &ror bars 
araSBl 



NF-L was detected using antibody NAT 214 (Af&niti) and 
hucian-specjfic monoclonal antibody anti-NF70 (Chcmicon), 
NF-M/NF-H were detected using antibody SMI32 (Stemberger 
Monoclonals Inc.) and NF-M using rabbit antibody NF-M- 
Qerm (Chemicon). Primary antibodies were then detected 



using goat auti-mouse or goat anti-xabbit immuDOglobulins 
coupled to Oregon Green or Tsxas Red (Molecular Probes) and 
the samples were mounted in Vectashield (Vector Labs). Cells 
were examioed using a Zeiss Axioskop microscope and images 
were collected via a CCD camera Princeton bistruments). 



Analyses of bulk BeurofilamcBt transport 
in rat cortical neurones 

Bulk transport of neurofilaments was analysed using a 
previously described assay (17). Briefly, neurones cultured 
for 7 days were co-transfected witb EGFP-NF-M and human 
wild-type NF-L, NF-L^"^« or NF-L°^"^, and the cells 
were then fixed in 4% pamformaldehyde as described above 
140. ?.00» 240 and 260 minutes post Iransfection. Cells were 
immunostained for human NF-L using antibody anti-NF70 in 
order to confirm co-expresskm, and hnages of EGFP-NF-M 
transacted cells were fiien collected (>30 images per time 
point) via a CCD camera. Measurements of the distance 
traveUed by EOFP-NF-M were calculated using Metamorph 
image analysis software. In these studies, measurements of ^e 
distance travelled by EGFP-NF-M were taken torn the cell 
body to the firont of d^e fluorescent signal and were of the 
longest distances in each neurone. The fluorescent fixint was 
taken as the most distal point at which fluorescence above 
background was detected. For neurites that exhibited branch- 
ing, measurements were of the major neurite as determined by 
length and brightness of fluorescence. Since we measured the 
distance travelled by EGFP-NF-M for <300jim from the cell 
body^ and since the average length of the m^or neurites in the 
transfected cortical neurones >700 \im, this assay of neurofilO" 
ment movement is of transport within neurites and is not a 
reflection of BGFP-NF-M in neurite terminals and neurite 
growth rates [for fialher discussion on this point see (17)]. lb 
simplify presentation of the data and to facilitate comparisons 
between different experiments, tiw distance traveUed by EOFP- 
NF-M at the first (140miii) time point is adjusted to zeio. 
Statistical analyses of neurofilament transport were performed 
using one-way ANOVA tests. 



Quantification of mitochondria in rat DRG neurones 

For analyses of tnitochondria distribution. DRG neurones were 
transfected with the miiochondrial marker DsRcd2~Mito cither 
alone or m co-transfections with hunum wild-type NF-L, 
j^^LFwbaii orNF-L*^"^, and were fixed for analyses 40h 
later FoHowisg ismnmostaining for human NF-L witb anti- 
NF-70 and Oregon Green-conjugated anti-mouse immunoglo- 
bulins, mitochondria were visuaUzed usmg the Discosoma red 
fluorescent protein. Mitochondrial distribution was analysed 
using a modification of the method previously described for 
such analyses in N2a cells (27). Briefly, images of transfected 
cells (>30 cells per transfection) were captured, and a defined 
area of axon, SO \xm in length beginning 50 lan from the cell 
body was circumscribed manually using Metamorph. The 
number of mitochondria in this segment of axon were then 
visualized and counted using the threshold function of 
Metamorph. SUitistical analyses of mitochondria distribution 
were performed using one-wsy ANOVA tests. 
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Neurofilament preparation, SDS-PAGE 
and imnranoblottiiig 

IVitoD X-lOO-insoluble and -soluble fractions were prepared 
ftom SWl 3- cells transfecled wifli NF-L» NF-M and NF-H. To 
do so, cells were scraped into PBS containing 0.5% Triton 
X-100, 0.6 m KCl, 5niM EDTA, 5mM EGTA, 40jig/inl 
leupeptin (Sigma) and Complete protease inhibitor coclctail 
(Rocbe). TTie cells were then homogenized using a motorized 
homogeniser and the sample was spun at either 15 OQOg 
(average) for 15min or lOOOOOg (average) for SOmin. 
Supematants and pellets were sepamted and prepared for 
SDS-PAGE by addition of SDS-PAQB sample buffer and 
heating in a boiling water badi. Equal proportions of these 
fractions, each representing the same number of cells, were 
analysed by SDS^PAQE and immunoblottmg. NF-L. KF-M 
and NF-H were detected using antibodies NAI214, 
NA1216 and KAUll (A&itt) respectively. Tie amyloid 
precursor protein (APP), a membrane-assodated protein that is 
soluble in Triton X-100, was detected using antibody 22011 
(Roche Molecular Btocbemicals). and was used as a conlrol. 
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